
REACTIVITY AND REACTIONS OF SOUE AUSTRALIAN BROWN COALS 

R.B. Johns  and A.G. Pandol fo  

Department  o f  Organic  Chemis t ry ,  U n i v e r s i t y  o f  Melbourne, 
P a r k v i l l e .  V i c t o r i a ,  A u s t r a l i a  3 0 5 2 .  

The brown c o a l  seams s i t u a t e d  i n  t h e  L a t r o b e  V a l l e y ,  
V i c t o r i a ,  A u s t r a l i a  a r e  known t o  d e r i v e  p r e d o m i n a n t l y  f rom a 
h igher  p l a n t  i n p u t  (1) and r e p r e s e n t  a p p r o x i m d d y  25% of  t h e  
world 's  s u p p l y  o f  brown c o a l  ( 2 ) .  The c o a l s  occur  i n  f i v e  major 
l i t h o t y p e s  whose c h e m i c a l  composi t ion  v a r y  from one a n o t h e r  a s  
i l l u s t r a t e d  i n  F i g u r e  1. 

F i g u r e  1. S t r u c t u r a l  Parameters  as a F u n c t i o n  o f  L i t h o t y p e s  ( 3 )  
higher p l a n t  
wax derived 

Evidence IR.SS IR.SS IR.Py IR.SS IR.SS Py.Ex Ex El Py.RE 

IR = Infrared; Py = Pyrolysis/GC; SS = Solid S ta te  C -NMR; 
Fn = Functional group analyses; Ex = Extractable components; 
E l  = Elemental analyses; RE = Rock-Eval; Pr = Proximate analyses .  
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The h i g h  w a t e r  c o n t e n t  of V i c t o r i a n  brown c o a l s  a t  
a p p r o x i m a t e l y  60% is  c h a r a c t e r i s t i c  of  t h e s e  c o a l s  b u t  its removal 
has  proved  e c o n o m i c a l l y  d isadvantageous .  It has  r e c e n t l y  proved 
p o s s i b l e ,  however ,  t o  reduce  t h e  water  c o n t e n t  t o  a p p r o x i m a t e l y  
10% i n  a p r o c e s s  of d e n s i f i c a t i o n  ( 4 )  which is under p a t e n t  
p r o t e c t i o n  ( 5 ) .  The d e n s i f i e d  brown c o a l  (DBC) produced compares 
f a v o u r a b l y i n  i t s  N e t  W e t  S p e c i f i c  E n e r g y  w i t h  a b l a c k  c o a l  and 
r e t a i n s  a l l  t h e  o t h e r  gross c h a r a c t e r i s t i c s  of t h e  raw brown c o a l .  

The s c h e m e  of  p r o d u c t i o n  o f  a DBC is shown i n  F i g u r e  2 ( 4 )  w h i l s t  
F i g u r e  3 i l l u s t r a t e s  t h e  loss of  m o i s t u r e  w i t h  t i m e  a t  ambient  
t e m p e r a t u r e  and r e l a t i v e  humidi ty .  T h i s  release of  water from t h e  
p o r e s  o f  t h e  c o a l  w h i l s t  i n i t i a t e d  by t h e  a t t r i t i o n i n g  procedure  
is accompanied by c h e m i c a l  c r o s s - l i n k i n g  r e a c t i o n s  and t h e  main 
t h r u s t  o f t h i s  p a p e r  i s  t o  e x p l o r e  t h e  c h e m i c a l  a s p e c t s  o f  
d e n s i f i c a t i o n .  

D e n s i f i c a t i o n  can  a lso b e  regarded  a s  a d e w a t e r i n g  p r o c e s s .  
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Table  1. Comparison of Black and Brown C o a l s  w i t h  D e n s i f i e d  Brown 
Coal  from t h e  Morwell ( V i c )  Seam. 

Brown c o a l  Black c o a l  D e n s i f i e d  
Morwell, V i c .  Tarong. Qld. brown c o a l  

Mois ture  59% wb 
V o l a t i l e  matter 49.2% db 
Fixed carbon 48.8% db 
Ash 2 . 4 %  db  
T o t a l  suphur  0.3% db 
GSE 2 7 . 2  MJlkg daf  
NWSE 8.4 MJ/kg 
B u l k  d e n s i t y  1130 k g / m 3  

5.2% adb 15.9% adb 
2 9 . 7 %  db 48.95 db 
40.9% db 49.1% db 
2 9 . 4 %  db 2 . 4 %  db  

0 .42% db 0.3% db 
31.98 MJIkg daf  27.2 MJlkg d a f  
21.3 MJ/kg adb 22.0 MJlkg a d b  

1200-1700 k g / m 3  

wb - wet b a s i s .  adb - a i r  d r y  b a s i s .  db  - d r y  b a s i s .  daf  - d r y  a s h  
f r e e .  GSE - g r o s s  s p e c i f i c  energy  on  a d r y  a s h  f r e e  b a s i s .  
NWSE - n e t  wet s p e c i f i c  energy .  

components b u t  a re  p h y s i c a l l y  porous.  Kneading w i l l  r educe  t h e  
p a r t i c l e  s i z e  of  t h e  coal and l i b e r a t e  w a t e r  f rom t h e  p o r e  
s t r u c t u r e  forming  a s l u r r y  o r  p a s t e .  F i g u r e  4 i l l u s t r a t e s  t h e  
e f f e c t s  of kneading on t h e  changes i n  d i a m e t e r  of l O m m  p e l l e t s  on 
dry ing .  The s h i n k a g e  observed  is a consequence of  loss o f  water 
c o n t e n t  b u t  a l s o  of t h e  development  of c o n s i d e r a b l e  s t r e n g t h  i n  t h e  
p e l l e t s  a s  F i g u r e  5 i l l u s t r a t e s .  Morwell DBC p e l l e t s  can s u s t a i n  
a load  o f  280kg a t  a c r u s h  s t r e n g t h  of 35MPa. There is  a marked 
d i f f e r e n c e  between t h e  c r u s h  s t r e n g t h s  developed i n  DBC from Loy 
Yang and Morwell c o a l s  (F ig .  5 )  a l t h o u g h  p a r t i c l e  s i z e  is t h e  same 
f o r  b o t h  c o a l s .  T h i s  d i f f e r e n c e  is r e f l e c t e d  a l s o  i n  p o r o s i t i e s  
a f t e r  d e n s i f i c a t i o n  ( 3 7 %  volume p o r o s i t y  f o r  Loy Yang coal v e r s u s  
14.6% f o r  Morwell)  which a p p e a r  t o  b e  t h e  i n v e r s e  of c r u s h  
s t r e n g t h s  (5.7 f o r  Loy Yang versus 18.5 MPa f o r  Morwell) .  P e l l e t  
s h r i n k a g e  and t h e  development  of c r u s h  s t r e n g t h  w i t h  t i m e  can b e  
i n t e r p r e t e d  a s  c h e m i c a l  c r o s s - l i n k i n g  r e a c t i o n s  drawing 
microdomains t o g e t h e r  and i n  t h e  p r o c e s s  exc luding  water and 
d e n s i f y i n g .  S t rong  p e l l e t s  may develop  c r a c k s  on t h e  s u r f a c e  and 
t h e  c r u s h  s t r e n g t h s  measured r e f l e c t  t h e  p o i n t  of  g r e a t e s t  
weakness. The s h a t t e r e d  f r a g m e n t s  r e t a i n  t h e i r  s t r e n g t h  however. 

I n  s e e k i n g  t o  e x p l a i n  t h e s e  p h y s i c a l  changes  i n  terms of 
chemica l  r e a c t i o n s  it i s  u n l i k e l y  t h a t  o n l y  one class of  r e a c t i o n s  
is involved;  r a t h e r  a range  o f  c h e m i c a l  i n t e r a c t i o n s  m u s t  be 
cons idered .  I t  i s  known t h a t  V i c t o r i a n  brown c o a l s  do  c o n t a i n  
s t a b l e  f r e e  r a d i c a l s  and t h a t  as t h e  c o a l  p a r t i c l e s  are  brought  
c l o s e r  t o g e t h e r  by t h e  p h y s i c a l  kneading.  r a d i c a l  c o u p l i n g s  c o u l d  
occur  which i n c l u d e  c r o s s - l i n k i n g  r e a c t i o n s .  W e  have o f t e n  noted  
t h a t  a smal l  c r u s h  s t r e n g t h  m a x i m u m  develops  i n  t h e  e a r l y  s t a g e s  
o f a t t r i t i o n i n g  w h i c h p r o b a b l y o c c u r s  a s a  r e s u l t  o f t h i s  t y p e  o f  
bond f o r m a t i o n .  A d d i t i o n a l  forms  o f  bonding would i n v o l v e  i o n i c  
r e a c t i o n s ,  t h e  most l i k e l y  centres of  r e a c t i o n  be ing  c a r b o x y l  
groups,. p h e n o l s  and a c t i v a t e d  a r o m a t i c  sys tems.  The s t r o n g  pH 
c o n t r o l  of development  of c r u s h  s t r e n g t h  s u g g e s t s  t h a t  i o n i c  
r e a c t i o n s  are t h e  p r o b a b l e  c r o s s - l i n k i n g  r e a c t i o n s .  F i g u r e s  3 - 5 
show how d e n s i f i c a t i o n  is c o a l  dependent .  b u t  F i g u r e  1 i l lus t ra tes  
how c o m p o s i t i o n a l  d i f f e r e n c e s  w i l l  a l s o  b e  l i tho type-dependent  so 

V i c t o r i a n  brown c o a l s  are  n o t  o n l y  c h e m i c a l l y  complex i n  
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t h a t  t h e  ave raged  r e a c t i v i t i e s  of R3i4 c o a l s  i n t e g r a t e  s e v e r a l  
v a r i a b l e s .  

A domina t ing  pa rame te r  i n  t h e  c o n t r o l  of c r u s h  s t r e n g t h  (6,) 
of DBC p e l l e t s  is t h e  pH o f  t h e  raw c o a l  (F igu re  6). Coa l s  have a 
n a t u r a l  pH which may v a r y  depending u~o.? s t o r a g e  t i m e  and exposure  
t o  a i r .  The n o r e  a c i d i c  t h e  c o a l ,  t h e  smaller t h e  c r u s h  s t r e n g t h  
o f  t h e  DBC. However, b a s i c  a d d i t i v e s  can  r a i s e  t h e  c r u s h  
s t r m g t h s  a s  i l l u s t r a t e d  f o r  NaHCO a s  an  a d d i t i v e  t o  Loy Yang 
c o a l  ( F i g u r e  6 ) .  Loy Yang i s  a n a t u r a l l y  a c i d i c  c o a l  (pH 3.2) b u t  
shows s d r s i n a t i c  change i n  & w i t h  i n c r e a s e  o f  pH. N a O H .  a s t r o n g  
base ,  when used  as  a n  a d d i t i v e  g i v e s  a DBC showing a maximurn 6, a t  
agprox ima te ly  2 H  6 .  T h i s  i s  c l o s e  t o  t h e  pH ( 5 . 3 )  de te rmined  f o r  
R3M Morwell  c o a l  and t h u s  e x p l a i n s  why a s t r o n g  base  a d d i t i v e  does  
no t  u s e f u l l y  improve  its per formance  d u r i n g  d e n s i f i c a t i o n .  

C l e a r l y ,  ( i )  t h e  0 - / G H  and COO-/C03H r a t i o s  i n  t h e  brown 
c o a l s ,  ( ii) t h e  a b s o l u t e  abundances o f  t h e s e  f u c t i o n s l  groups.  and 
(iii) t h e i r  s e n s i t i v i t y  t o  pH a r e  major  c o n t r o l l i n g  f a c t o r s  i n  
de t e rmin ing  c r u s h  s t r e n g t h .  I n  t u r n  t h e s e  oxygen f u n c t i o n a l  
groups  c a n  b e  expec ted  t o  i n t e r a c t  by s u b s t i t u t i n g  i n  a c t i v a t e d  
a r o m a t i c  s y s t e m s  i n  t h e  c o a l .  Again, 2 H  w i l l  be  i m p o r t a n t  i n  
f a c i l i t a t i n g  s u c h  i n t s r a c t i o n s .  The molecu la r  comGlexi ty  of t h e  
l i k e l y  r e a c t i o n s  w i l l  mean t h a t  a t  b e s t  a range  o n l y  o f  r e a c t i o n s  
and r e a c t i v i t i e s  w i l l  b e  observed .  Given t h a t  oxygen 
f u n c t i o n a l i t i e s  can  be expec ted  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  
d e n s i f i c a t i o n ,  one p robe  would be t o  s e q u e s t e r  a c i d i c  hydroxyl  
g rouas  and  o b s e r v e  t h e  e f f e c t  on c r u s h  s t r e n g t h s  on d e n s i f i c a t i o n .  

i 4e thy la t ion  of brown c o a l s  us ing  te t rabuty lammonium 
hydrox ide / rne thy l iod ide  as t h e  me thy la t ing  agen t  h a s  an 
advantage  t h a t  it s w e l l s  t h e  c o a l  and u t i l i s e s  t h e  wa te r  Already 
i n h e r e n t  i n  t h e  c o a l .  X e t h y l a t i o n  a f f e c t s  d e n s i f i c a t i o n  i n  tiqo 
ways: f i r s t ,  t h e  DBC formed i s  weak (Tab le  2 ) .  By removing many 
o f  t h e  a c i d i c  OH g roups  th rough  m e t h y l a t i o n  t h e y  a r e  unab le  t o  
form new c h e m i c a l  bonds,  s l t h o u 3 h  some a c t i v a t i o n  o f  t h e  a t t a c h e d  
r i n g  sys t ems  by methoxy s u b s t i t u e n t s  w i l l  be r e t a i n z d .  
va lues  r e c o r d e d  can  Se  i n t e r p r e t e d  a s  a consequence  o f  t h e  
i n h i b i t i o n  o f  t h e  i n t e r m o l e c u l a r  bonding between p a r t i c l e  
s u r f a c e s .  The second o b s e r v a t i o n  was t h a t  t h e  p a s t e  produced on 
kneading was v e r y  a o i s t  indeed  and consequen t ly  g e n e r a t e s  ve ry  
l i t t l e  p l a s t i c  s t r e n g t h .  Methyla ted  c o a l  had l o s t  most o f  its 
c a p a c i t y  t o  ho ld  wa te r  i n  i t s  pores  presumably  because  o f  t h e  
r e d u c t i o n  i n  H-bonds t o  oxygen groups  i n  p o r e  wal l  s u r f a c e s .  

on ex tended  d r y i n g  w e  b e l i e v e  t o  b e  r e a l  and p robab ly  resu l t s  f rom 
dec reased  H-bonding. T h i s  o b s e r v a t i o n  a s  w e l l  as t h o s e  c i t e d  
above are c o n s i s t a n t  w i t h  our  hypo thes i s  t h a t  c r o s s - l i n k i n g  
chemica l  r e a c t i o n s  invo lv ing  a c i d i c  hydroxy l s  and a c t i v a t e d  
a r o m a t i s e d  r i n g  sys t ems  a r e  invo lved  i n  t h e  development o f  
microdomains be tween c o a l  p a r t i c l e s .  
involved  i n  t h e  deve lopment  o f  t h e  macrodomain s t r e n g t h  i n  
a d d i t i o n  t o  compact ion  as a p h y s i c a l  p r o c e s s  and H-bonding by t h e  
r e s i d u a l  w a t e r  molecu le s ,  some of which w i l l  occupy pore  space  i n  
t h e  macrodomains. 

The l o w Q  

The d e c r e a s e  i n  c r u s h  s t r e n g t h  maximum of  t h e  DBC (F igure  5 )  

They a r e  a l s o  p r i m a r i l y  

V i c t o r i a n  brown c o a l s  can  be f r a c t i o n a t e d  i n t o  So lven t  
626 

v~ i 



, 

S o l u b l e  E x t r a c t s  (SSE), Humic Acids  (HA) and a Kerogen ( K )  r e s i d u e  
(6). These a r e  l i t h o t y p e  dependent  i n  c o n c e n t r a t i o n  hence ROM 
c o a l s  w i l l  be v a r i a b l e  a l s o  i n  t h e  r e l a t i v e  composi t ion  o f  
f u n c t i o n a l  groups r e a c t i v e  i n  d e n s i f i c a t i o n .  SSE have h i g h  H/C 
r a t i o s  ( 7 )  b u t  do c o n t a i n  some a c i d i c  components. These l a t t e r  
could  b e  involved  i n  domain development  b u t  on f i r s t  p r i n c i p l e s  HA 
and K f r a c t i o n s  may b e  expec ted  t o  p r o v i d e  good s u b s t r a t e s  f o r  
c r o s s - l i n k i n g .  Indeed humic a c i d s  have Deen i m p l i c a t e d  i n  t h e  
f o r m a t i o n  o f  S o l a r  Dried Coal ( 8 ) .  I n  our  tes ts  n e i t h e r  HA or  K 
a d d i t i v e s  enhanced t h e  c r u s h  s t r e n g t h s  d e r i v e d  from LY DBC. The 
c o m p l i c a t i o n  of  pH, a s  y e t  u n r e s o l v e d ,  c l o u d s  tne i n t e r p r e t a t i o n  
however, s i n c e  HA a d d i t i v e s  a r e  a c i d i c  i n  n a t u r e  and lower  t h e  pH 
of t h e  raw c o a l  feed .  Low pH c o a l s  do n o t  deve lop  a s i g n i f i c a n t  
c r u s h  s t r e n g t h  i n  g e n e r a l ,  nor  i n  t h e  p a r t i c u l a r .  a s  shown i n  T a b l e  
2 f o r  L O Y  Yang c o a l .  

Table  2 .  E f f e c t s  o f  Kerogen and Eumic Acid A d d i t i v e s  on D e n s i f i c a t i o n .  

C o a l  A d d i t i v e  pE Crush  S t r e n g t h  (ma) 
Loy Yang ROM None 3 . 9  6 . 8  

2 5 %  Kerogen 4.3 8 . 3  
NaHC03 , 4 . 9  1 6 . 1  
20% H u m i c  a c i d  3.5 5 . 8  
2 0 %  HA + N a O H  5 . 9  1 8 . 1  

D e n s i f i c a t i o n  o f f e r s  an advantage  i n  t h a t  it r e a d i l y  a l l o w s  
t h e  f o r m a t i o n  of a moulded c o a l  b u t  i m p o r t a n t l y  t h e  g r o s s  
c h a r a c t e r i s t i c s  of DBC a r e  s t i l l  t n o s e  of t h e  ROM c o a l  (Table  2 ) .  
F i g u r e  7 e x e m p l i f i e s  t h i s  well i n  t h a t  t h e  pyrograms f o r  Loy Yang 
ROM and DBC a r e  v e r y  s i m i l a r .  Thermal d e s o r p t i o n  of  brown c o a l  a t  
35OoC r e l e a s e s  p r i m a r i l y  t r i t e r p e n o i d  components which a r e  
v i r t u a l l y  l a c k i n g  i n  t h e  600°C pyrogram. 
DBC w i t h  a base  a d d i t i v e ,  however, g i v e s  a s i g n i f i c a n t l y  lowered  
y i e l d  of t r i t e r p e n o i d s  and s u g g e s t s  t h a t  components can b e  
c h e m i c a l l y  i n c o r p o r a t e d  i n t o  t h e  DBC by t h i s  p r o c e s s ,  once a g a i n  
i m p l i c a t i n g  oxygenated f u n c t i o n a l  g r o u p s  i n  d e n s i f i c a t i o n .  
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